Although siderophores are induced primarily in response to iron deficiency, soil and other ecological factors can affect on this process. This study was to evaluate the production of siderophores by different fungal species isolated from heavy metal contaminated and uncontaminated soils. More than thirty fungal strains were isolated from heavy metal contaminated and rhizosphere uncontaminated soils. Chrome azurol sulfonate (CAS) was used for both quantitative and qualitative evaluation of siderophores production. No significant correlations were observed between the tested variables such as ultraviolet (UV) irradiation method and CAS-agar plate and heavy metal concentration in both soils. The production of siderophores in rhizosphere fungi was higher than those isolated from the contaminated soil; however, the difference was not significant. The siderophore production (%) by fungi isolated from heavy metal contaminated soil using UV irradiation method was positively correlated with the qualitative values using CAS-plate method (P <0.05). Pearson correlation test indicated a positive correlation between the quantitative and qualitative methods of detection for fungi isolated from rhizosphere and also those isolated from heavy metal contaminated soil.
Introduction
Although iron is one of the most common elements in nature, it is not readily available to microorganisms because of its extreme insolubility in aerobic conditions of water and soil environments. Therefore, most of the microorganisms produce high-affinity ferric chelating compounds with low molecular mass (< 1,000 Da) termed siderophores, which solubilize and transport the metal (Neilands, 1981) . Siderophores excretion is one of the important features of plant growth promoting rhizobacteria (PGPR) in their ability to suppress soil-borne plant pathogens (McCully, 2005) . Indeed, the binding affinity of plant siderophores for iron is less than the affinity of microbial siderophores, but plants require a lower iron concentration for normal growth than do microbes (Meyer, 2000) . Evidence has been shown that the chemical conditions of the rhizosphere differ from those of the bulk soil, as a consequence of various processes that are induced by plant roots and/or by the microorganisms (Hinsinger, 2001) . Actually, the root exudates act as messengers that stimulate the interaction between the plants roots and soil microorganisms. Therefore, the environmental factors including soil characteristics or the soil composition are very important to affect the activity of microorganisms (Bent et al., 2001) . High levels of heavy metals could decrease the rhizosphere microbial metabolic activity, biomass and diversity (Gremion et al., 2004; Sandaa et al., 1999) . Kanazawa et al. (1994) recognized that plants grown in metal-contaminated soils are often iron deficient. Also, it was concluded that high levels of heavy metals could affect both structure of microbial communities and metabolic activity (Gremion et al., 2004; Kozdro and Van-Elsas 2001) . However, it was found that zinc increased the production of a green fluorescent pigment (Bhattacharya, 2010; Shinozaki et al., 2004) . Also, Zn 2+ and Cu 2+ increase fluorescent siderophore production (Dimpka et al., 2012) . Cu 2+ or Ni 2+ was also found to promote the production of a yellow pigment in P. fluorescens-putida (Chakrabarty and Roy, 1964) . Dell'Amico et al. (2005) found a large number of metal resistant strains, which were able to produce siderophores. The objective of this study was to evaluate the production of siderophores by different fungi isolated from heavy metal contaminated and uncontaminated soils. In addition, 
Materials and methods
Microorganisms and growth conditions Fungal strains were isolated from two different soil origins: 1) soil polluted with heavy metals from mining area "Bongwha county, Kyungsang province". 2) The rhizosphere of Pinus koraiensis shrubs in the forest area at Chuncheon, 192-1 Hyo-Ja Dong, Kangwon-do 200-701, South Korea. Soil samples were collected in clean zipper bags and ice box and directly transferred to laboratory for physicochemical properties detection. Several fungi belonging to different classes were used in this study (Table 1) . Stock cultures of fungi were maintained on 2% malt extract-agar (MEA) plates grown at 27 °C and stored at 4 °C.
Soils physical and chemical properties
The soil pH and electric conductivity EC of soil and water mixtures (1:5) were determined using a pH meter (Orion 3 Star, Thermo, USA). The exchangeable cations were analyzed by inductively coupled plasma (ICP) spectrometry after 1 M NH 4 OAc extraction (Sumner and Miller, 1996) . Soil samples were air-dried and shaken through a 2-mm sieve. The total concentration of heavy metals was estimated by digestion in 10-mL 60% HNO 3 and microwave oven-drying at 200 ± 5°C for 20 min (Mars-X, HP-500 plus, CEM Corp.) according to EPA Method 3051 (USEPA, 1994) . The concentrations of Co, Cr, Cu, Fe, Ni, Pb, and Zn were determined by inductively coupled plasma/atomic emission spectroscopy (ICP-AES; Perkin Elmer Optima, USA).
Identification of isolates
Several methods were used for identification of microorganisms. Most of fungal strains were identified by the microscopic examination and the culture features according to Domsch et al. (1980) and Moubasher (1993) . In addition, molecular techniques were applied for quick and accurate identification of some fungal strains. The genomic DNA was isolated from fungi according to the manufacturer's instructions using a genomic DNA Prep Kit (SolGent, Daejeon, Korea). The isolated DNA was then used as a template for PCR to amplify the 18S rRNA gene. The partial 18S rRNA gene sequence was compared with the full sequence available in the GenBank database using a BLAST search (NCBI) to identify the isolated fungi.
Qualitative detection of siderophore (Plate assay)
To avoid the toxic effect of the chrome azurol sulfonate (CAS) to fungi, modified method, CAS agar half plate assay, was used for the siderophores detection. For the CAS agar half in the plates, before autoclaving the CAS agar, pH was raised to 6.8 using NaOH solution 50% (w/v). CAS agar half plate assay was performed according to Milagres et al. (1999) using MEA media pH 5.6 for qualitative detection of fungi production. The isolates were subcultured on MEA slants and incubated at 27°C. After 5 days culture, spores were scratched into 5 mL of distilled sterile water containing 1% Tween 80 and were vortexed, and using cell-counting haemocytometer (Neubauer chamber; Merck S.A., Madrid, Spain). The suspensions were adjusted to 1.0 × 10 6 cfu mL -1
. The length of the change in the blue color indicates the siderophores activity. Incubation period was until the fungal colony grew across the MEA medium half of the plate or maximally 15 days (Fig. 1) .
Quantitative spectrophotometric assay for siderophore production (Liquid assay) CAS liquid assay was used according to Schwyn and Neilands (1987) . The pH was adjusted to pH 6.8 with 0.1 M Pipes buffer (Sigma, Prod. No. P1851). The cultures were grown to stationary phase in the deferrated media. 0.5 mL CAS assay solution was added to 0.5 ml culture supernatant and 10 µL of 0.2 M 5-sulfosalicylic acid as shuttle solution and mix. The mixtures were left for few minutes. Siderophores, if present, withdrew iron from the dye complex, resulting in a reduction in blue color of the solution. The color development was measured by absorbance (A 630 ) for loss of blue color. The sterile culture medium was used as blank and the sterile culture medium plus CAS and shuttle solutions were used as a reference. Siderophores units were calculated as [(Ar-As)/ Ar] 100 = % siderophores units; where Ar is the absorbance reading of the reference, and As is the absorbance reading of the sample.
Statistical analysis
The means of the variables were compared using Tukey's HSD test at a probability level of (P) < 0.05 (SAS Institute Inc, 2004) . In addition, Pearson correlation coefficients between heavy metal concentration in the soil and siderophores production were calculated. Similarly correlation between ultraviolet (UV) irradiation detection and the qualitative detections was estimated.
Results and Discussion
The specificity of microorganism's metabolic character is dependent upon soil conditions, which can alter contaminant bioavailability, root exudates composition, and nutrient levels (Jing et al., 2007) . The physicochemical properties of the studied soils are described in Table 1 . The microbial count of bacteria and fungi in the contaminated soil was very lower compared to the rhizosphere. Table 1 shows that bacterial counts were 2 × 10 4 CFU g -1 in soil and 2,100 × 10 4 CFU g -1 in heavy metal contaminated soil and rhizosphere soils, respectively. Heavy metals can cause reproduction of soil microorganisms to slow down and consequently prevail higher resistance to heavy metals, but decreased biological activity (Šimon, 1999) . The metal resistant siderophores producing bacteria plays an important role in the successful survival and growth of plants in contaminated soils by alleviating the metal toxicity and supplying the plant with nutrients, particularly iron (Rajkumar and Freitas, 2009 ). On the other hand, rhizosphere microorganisms compete for nutrients and space (Elad and Baker, 1985; Elad and Chet, 1987) and production of siderophores (fluorescent yellow green pigment), viz., pyoverdine which limits the availability of iron necessary for the growth of pathogens (Lemanceau et al., 1992) . Here we evaluated the production of siderophores by different fungi species isolated from heavy metal contaminated soil compared rhizosphere soils. Our qualitative detections were carried out in parallel with the UV spectroscopy quantitative method for cross confirmation and to make a correlation between them. Generally, fungi are stronger siderophores producers than bacteria. Most fungi produce a variety of different siderophores, which enable them to adapt different physicochemical conditions (Winkelmann, 2007) . Furthermore, fungi can uptake the bacterial siderophores. Haas (2003) stated that certain fungi can utilize ferrioxamines and enterobactin. Also, the feeding ecology of fungi greatly differs from that of bacteria (Winkelmann, 2007) . Fungi of contaminated soil produced siderophores at highest level of 92.75% by Acremonium sp. and the lowest production was 7.24% by Saccharomyces sp. According to our results the rhizosphere fungi, Penicillium sp., Trichoderma sp. and Beauveria bassiana, showed frequency of high production 90.89%, 92.33%, and 89.44%, respectively. However, Rhodosporidium toruloides produced the lowest units (6.41%) of siderophores (Table 2) . Although the microbial ecology in the rhizosphere is not yet fully understood, the plant exudates enrich the metabolic activity of the present microflora, moreover, rhizobacteria have been shown to possess several traits that can alter heavy metals bioavailability (Lasat, 2002) . Our results, generally, indicated that siderophores production was not significantly different between heavy metal soil and rhizosphere soil; however, there was a trend for higher siderophore production in rhizosphere than heavy metal soil. The rhizosphere area contains microbial population with higher metabolic activity rather than bulk soil (Anderson et al., 1993) . However, microbial populations can affect heavy metals mobility and availability to the plant through release of chelating agents, acidification, phosphate solubilization, and redox changes (Abou-Shanab et al. 2003) . According to our results no significant correlations were observed between the tested variables and heavy metal concentration in both soils (data not shown). This may indicate that the production of siderophores is depended on other soil chemical and biological properties rather than heavy metal concentrations present in its original environment. Also, these specific microorganisms could be tolerated or adapted with heavy metals concentration in the contaminated soil. Hofte et al. (1994) suggested that the heavy metal might be directly involved in siderophore biosynthesis pathways or their regulation. Also, Dimkpa et al. (2008) assumed that the free siderophore concentration in the medium might be reduced by complex formation with heavy metal ions. This process interferes with the complexation of siderophores with iron which consequently decreases the soluble iron concentration. As iron deficiency stimulates siderophore production, more siderophores would then be produced. Although, iron is abundant, it is not easily available and therefore investigation of other ecological factors is necessary to understand the iron mobilization in nature.
There was no significant difference in the production of siderophores by the commensals and isolates from clinical samples. Therefore they expected that any bacteria would produce sufficient quantities of siderophore when grown in an iron deficient environment and incubated at its optimum growth conditions (Pal and Gokarn, 2010) . In the qualitative assay of fungi the clearest detection was observed among Penicillium spp. and Aspergillus niger (Table 3) . It is well known that, ferrichrome are the predominant siderophores of Aspergillus and Penicillium strains. Trichoderma, Botrytis, and soil yeasts utilize ferrichromes. Pseudomonads are characterized by pyoverdines secretion (Winkelmann, 2007) . As shown in Table 4 , the siderophore production (%) by fungi isolated from heavy metal contaminated soil using UV irradiation method was positively correlated with the qualitative values using CAS-plate method (P < 0.05) ( Table 4) . In rhizosphere soil, the siderophore producing fungi using UV irradiation method was significantly correlated with the qualitative values CAS-agar plate ( P < 0.01). In general, the siderophore production of rhizosphere microorganisms is higher than those isolated from contaminated soil; however, the difference was not significant (Fig. 2) . The presence of fungi in the rhizosphere area is more stimulating siderophores production, rather than heavy metal polluted area. The average amount of siderophores produced by fungi isolated from rhizosphere soil was 1.2-fold higher than 1.000*** 0.548** 1.000*** † Correlation significant levels: *P < 0.05, **P < 0.01 and ***P < 0.001 ‡ Detection for fungi according CAS-agar plate method. those in heavy metal contaminated soil.
